Abstract-In this paper, we present the first steps in the development of a new generation of ultrasonic sensors devoted to fission gas characterization in a material testing reactor harsh environment. The piezoelectric active material is a sodium bismuth titanate thick film fabricated using a screen-printing method. Characterization of piezoelectric and dielectric properties and material parameter studies based on temperature were carried out. The key results of this paper are demonstrated and discussed in terms of feasibility for application to a new sensor device operating at high temperature (350°C). An acoustic test in a cylindrical cavity shows high sensitivity to measurements of liquid substances at room temperature. To verify its applicability to gas detection, a theoretical model based on electromechanical properties and impedance matching equations was introduced. This model was used in the studies on gas measurement under room temperature and at 350°C. It was theoretically shown that the sensor was able to operate for gas in situ under harsh temperature conditions.
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I. INTRODUCTION
N UCLEAR fuel rod's lifetime optimization helps in increasing the combustion rate of the nuclear fuel, hence reducing the volume of waste to be recycled. It can be achieved via in-pile control of the fuel rod's interior environment. The measurements of the gas mixture (helium and fission gases) in REMORA-3 experiment [1] , [2] prove the possibility of measurements in plenum (upper part of the combustive rod, whose role is to collect the fission gases) during operational conditions at up to 200°C. A representation of REMORA device is given in Fig. 1 .
In practice, the difficulties in brazing and ensuring of parallelism within the active element (Pz27 Ferroperm), stainless steel plate, and reflector ( Fig. 1) Based on this limitation and the need to operate at higher temperatures, the second approach (which reduces the influence of the parallelism problem) is to apply a screen-printing process in production of the active element. In the previous work with lead zirconate titanate, the possibility of active element fabrication, characterization [3] , and ultrasonic measurements [4] have been investigated.
Studies on high-temperature piezoelectric bismuth-based piezoelectric ceramic [6] provided evidence of the possibility of materials elaboration that maintain their properties in the temperature range of 300°C-400°C. Previously, we fabricated bismuth titanate (BiT), Bi 4 Ti 3 O 12 , ceramics using the screenprinting method, obtaining a d 33 coefficient of 4 pc/N [5] . The main problem with this material was its high conductivity with temperature. This complicates polarization. (Electric breakdown needs to be prevented.)
Sodium bismuth titanate (NBT), chemical formula Na 0.5 Bi 4.5 Ti 4 O 15 , with a Curie temperature of 650°C has been well studied [6] - [9] . NBT-ceramic lattice orientation structure is represented by a grain anisotropy sheet-like texture formation. It possesses high resistivity to temperature [9] with piezoelectric coefficient of 16 pc/N for bulk ceramics [6] . By doping the NBT material, the parameters of ceramics are reported to be enhanced [7] - [9] . Based on these advantages, NBT material was chosen.
In this paper we study and confirm the following statements. 1) We show the reliability of NBT elements fabrication using the screen-printing approach first in the form of disks and then on alumina substrate. 2) The dependence of qualitative and quantitative measurements, such as morphology, resistivity, dielectric, and ferroelectric properties for NBT material has been discussed. of temperature matched the results of previous studies on NBT material [7] - [9] . 3) After measurements of electrical impedances of samples, we applied a model based on electrodynamics formula and impedance matching equation to determine electromechanical parameters of disks and, which is more significant, of sensors fabricated on alumina substrate. 4) First acoustic test measurement in a cavity filled with liquid substance is carried out. It demonstrates screenprinting method feasibility for fabrication of NBT sensor and its applicability for speed of sound measurement under room temperature conditions. 5) Sensor capability for gas measurement was studied by application of the same theoretical model used for the fit of the measured impedances and introduction of a theoretical cavity filled with gas. First experiment of gas measurement in pressurized enclosure, under room temperature conditions confirms the computational approach [10] . The possibility to operate under 350°C was investigated by introducing into the model the experimental impedance of the sensor measured at 350°C. In parallel to this work, the studies of screen-printed samples under a radiation field have been carried out in the TRIGA Mark II research reactor at the Jožef Stefan Institute, Ljubljana, Slovenia [11] .
II. EXPERIMENTAL PROCEDURE The ceramic was fabricated from raw NBT powder using a screen-printing process. Development of sensor with this method ensures high flexibility in sensor production: direct deposition can be achieved on various structure types; the shape of the deposited material can be easily changed. Several layers and different kind of initial powder and inks were used for this purpose. Three versions of the elements were fabricated. In order to properly investigate the NBT-ceramic properties, disks were fabricated. Next, the NBT ink was deposited between Ag/Pd electrodes on an alumina substrate. This device allowed studying of sensor properties with the first approach in acoustic measurements. In order to fabricate the sensors, elements were sintered at 850°C and poled under temperature and high electrical field.
After poling, measurements on sample resistivity, dielectric, piezoelectric, ferroelectric properties were carried out. Material behavior to temperature was studied. For the sensors on alumina substrate, acoustic measurements in liquid environment were carried out. The possibility of gas detection was studied with theoretical model using MATLAB software.
A. Manufacturing Process
The raw NBT material, in powder form, was manufactured using the hydrothermal method, followed by a crystallization process. The manufacturing process was carried out by the company é-Ma [12] . The X-ray diffraction and scanning electron microscope (SEM) technique were applied in order to analyze powder crystallography and morphology.
The second step is piezoelectric ink fabrication. For this purpose, NBT powder was mixed with a binder in the form of a sealing glass CF7575 and organic vehicle ESL400 in the specific proportion. The parameters of the NBT samples production are given in Table I .
As can been seen above, three types of inks were fabricated. The comparisons on X-ray diffraction data for powders are shown in Fig. 2 .
The film deposition was carried out on a DEK248 machine. Detached disks were fabricated by depositing a sacrificial layer [13] between piezoelectric ink and substrate which was purified during sintering and then vanished in acid. The thicknesses of screen-printed detached films after sintering were about 100 μm (NBTv1) and 160 μm (NBTv2). The electrodes were deposited using the physical vapor deposition method (200 nm on each side). NBT samples on alumina substrate were fabricated using a standard process [3] where layers form a stack: alumina-electrode-NBT-electrode as shown in Fig. 3 . The thicknesses of the NBT device on alumina substrate (NBTv3) were about 40 μm, with electrodes on Ag/Pd (conductive ink ESL 9693-G) of 5 μm on each side.
Sintering was carried out in a Carbolite RWF1100 furnace at 850°C. Both types of NBT samples were polarized in silicon oil at 150°C under an electric field of 100 kV/cm. 
B. Measurements Carried Out
Investigation of the morphological properties of the samples was carried out by SEM. Resistivities were measured with a Keysight 2657A. The piezoelectric coefficient (d 33 ), capacitance (C) and dielectric loss tan(δ) were measured with a Piezotest PiezoMeter System PM300. Relative dielectric constant was calculated from samples' geometries. Electrical impedance figures were observed with a Keysight E4990A impedance analyzer. Monitoring of relative permittivity and losses tan(δ) with temperatures up to 350°C was achieved by placing the sample on a metallic plate and instantly observing its values in the impedance analyzer.
Acoustic tests, for an NBT device on alumina substrate, [time of flight (TOF) measurement in pulse echo mode] were performed for water and ethanol under room temperature conditions. For signals excitation, Olympus computercontrolled pulser/receiver 5800PR was used. The echograms were register with a Tektronix TDS3032 oscilloscope.
III. RESULTS AND DISCUSSION

A. Investigation of Material Properties
The X-ray diffractograms of the NBT powders produced, shown in Section II, demonstrate the presence of a single-phase bismuth layer structure ferroelectric [14] with the highest intensity of diffraction peak at (119) for each type of powder. This type of structure possesses high Curie temperature. Materials from this family are promising candidates for high-temperature applications [6] .
The morphologies of NBT elements after sintering, in three different experiments, can be seen in Fig. 4 . Sealing glass CF7575 playing the role of a constituent that decreases the sintering temperature has the disadvantage of its grain size, which is more than 10 μm for some particles. At a temperature of 500°C, the grains of CF7575 start to melt and a material void appears in their place.
Comparing the powder material grain size values mentioned in Table I with morphological images (carried out at the same magnitude) of sintered samples in Fig. 4 , we observe that the grain size of ceramic depends primary on the powder 
For NBTv1 and NBTv2, the formations of sheets-like structures are similar to that of previous experiments reported for bulk structures [6] - [9] . Despite of the large grain size of NBTv1 and NBTv2, the dielectric and piezoelectric properties are degraded. Possibly it is related to changes in stoichiometry. To confirm this, the chemical compositions of the sintered ceramics were measured using the energy-dispersive X-ray spectroscopy method (Table II) . It is shown that for NBTv3 the quantity of sodium is lower compared to those for NBTv1 and NBTv2. High amounts of Na + increase conductivity, which degrades material properties at high temperatures [15] .
For instance, in the case of high porous and sodiumrich NBTv2 resistivity is lower (ρ = 5E11 · cm), compared to NBTv1 (ρ = 1E13 · cm) samples sintered for longer time and NBTv3 that has a low quantity of sodium (ρ = 2E13 · cm).
Dielectric properties of the samples NBTv1 and NBTv3 (represented in Table III ) are in the same range, with slightly lower permittivity, compared to the measurements carried out by Wang et al. [7] for NBT bulk ceramic. The samples of NBTv2 possess high values of dielectric loss tan(δ). These data are in accordance with the measurements of resistivity (Fig. 5 ) and ferroelectric properties (Fig. 6) .
Ferroelectric properties were investigated for NBTv1 and NBTv2 disks. Hysteresis experiment is one of the ways to study polarizability of a ceramic and its possibility for application in ferroelectric random access memories. The data for NBTv1 and NBTv2 are shown in Fig. 6 . The value of remnant polarization for NBTv1 is about 8 μC/cm 2 . It is in the range reported in [8] . The NBTv2 sample behaves like lossy dielectric [16] . The breakdown appeared before the domains reorientation process in the material, which is related to its high conductivity at low frequencies, at which the experiment is conducted.
The piezoelectric coefficient d 33 for each type of sample is shown in Table IV . It is approaching the value of the NBT bulk structure reported in [6] .
Impedances of the disk of NBTv1 and NBTv3 on alumina are shown in Fig. 7 . Following a theoretical approach, based on the KLM model [17] , the electromechanical parameters of piezoelectric elements were calculated by matching experimental measurement with theoretical values. Three complex parameters, parallel frequency (Fp * ), electromechanical coupling factor (kt * ), and capacitance (C * ), were adjusted using MATLAB software in order to fit measured data. Theoretical impedance was determined by the following equation:
where Fp * , kt * , and C * are complex values of Fp, kt, and capa; and ω is the angular frequency. Complex values of these parameters can be found from the standard equations of piezoelectricity [18] where QFp is a mechanical quality factor, qkt is the electromechanical loss, and qcapa is the dielectric loss. Frequency constant in thickness mode was determined by the following equation:
where e NBT is the thickness of the active element (Table I) . Fit data for the piezoelectric element NBTv1 are shown in Table V . Mechanical quality factor (QFp) is in the range of 23, which is related to the low thickness of the sample. Electromechanical coupling factor (kt = 0.17) is in the range of NBT undoped bulk ceramics reported by Takenaka [6] and Wang et al. [7] . The fitted value of capacitance is close to the measurement result.
NBTv2 element shows the same behavior with the resonance frequency around 12 MHz. The fit gives values close to those of the NBTv1 element ensuring the reliability of the computation method (Table V) .
In the case of an NBTv3 sample on alumina substrate, the free state model of the piezoelectric disk has to be completed. Fit of the stack structure was carried out by introduction of alumina and electrodes data into the simulation model. Propagation of waves was modeled by application of the impedance matching equation (described in detail in [19] )
whereby Z in and Z out is an impedance seen at the input and output of a passive layer, Z c is an acoustic impedance of a passive layer, and ϕ is a impedance phase angle. Different resonance modes of the piezoelectric element coupled with a substrate then appear [ Fig. 7(b) ]. The parameters of the stacks (mainly for the alumina substrate) such as speed of sound, density, and thickness are introduced after measurement. Electromechanical properties for the NBT active element are represented in Table VI .
B. Investigation Under Temperature
In order to study material properties behavior in a harsh environment, the measurements of relative dielectric constant and dielectric loss were carried out at 5 kHz in the temperature range of 30°C-350°C (Fig. 8) .
The NBTv2 sample does not withstand harsh environmental conditions (the measurements were stopped at 300°C due to material behavior instability). The NBTv1 sample offers greater temperature stability with application temperatures from 300°C to 350°C. Measurement of the NBTv3 sample is in good correlation with previous research on bulk NBT material [6] - [9] showing better stability of dielectric properties compared to NBTv1. Its losses are under 10% at 350°C.
Based on these studies, the NBT sensor fabrication process was established. The first device with NBTv3 material was tested for acoustic properties.
Impedance measurements at 350°C were also carried out. It will be used for modeling of the theoretical response presented in Section III-D.
C. Acoustic Measurements
The acoustic pulses propagate reflecting inside the cavity. They are recorded as echograms. Theoretically the speed of sound can be measured from echogram using the following equation:
whereby t is the time of pulse propagation in cavity in both directions.
The measurement of sensor response in liquid is an important step which provides an information about its sensitivity. For screen-printed NBT elements on alumina substrate (NBTv3), the first experiment of wave propagation in the cavity (under room temperature conditions), filled with water Fig. 9 . Schematic representation of the acoustic test bench. The piezoelectric element is placed on the top of a cylindrical cavity filled with water. Fig. 10 .
Echogram of NBTv3 sample in the cavity filled with water or ethanol. and ethanol, was carried out. Test bench configuration is shown in Fig. 9 .
The acoustic test, carried out in the cylindrical cavity of 1.56 cm depth, shows a good sensitivity in signal detection (Fig. 10) . The echograms of the measurement are clear and easy to read. TOF was used to define measurement t . Application of (7) was used to calculate the speed of waves propagation in liquids. For water and ethanol, the values are, respectively, 1495 and 1250 m/s. These values are in the range of theoretical data for the measured substances [20] , [21] .
Under harsh measurement conditions, the influences of system noise, temperature, radiation, etc., complicate signal registration. The sensitivity of gas detection is lower. Furthermore, the measurement of mixtures requires additional signal treatment.
It is worth noting that the usual methods of measurement of speed of sound in time domain cannot be accurately applied to such echograms. The dispersion of ultrasonic signal leads to a deformation of echoes that prevents the use of intercorrelation methods (Fig. 10) . Therefore, for a precise measurement of speed of sound, a specific signal processing is needed.
The generation of plane waves in the entire range of frequencies and their sum in the cavity produces a stationary wave pattern. A liquid shows resonance at the frequencies f n = nc/2L, whereby c is the speed of sound, L the length of resonator, and n is an integer number. Using the frequency approach, the principle of the acoustic signal measurement treatment in the close cavity for gas qualification is described in [1] and [22] . Data processing, for our measurements, was carried out with application of the same approach.
Initially, the part (beginning part) of the echogram signal due to the resonance of piezoelectric material coupled to the alumina substrate is removed. Then, the modulus of the fast Fourier transform (FFT) of the remaining signal is performed. Thus, one could obtain a spectrum containing the peaks of resonance of the fluid under study (Fig. 11) , with the amplitude modulated by the response of the system (corresponding to the resonance of the piezoelectric disc coupled with the alumina substrate). Then, the zone that has the highest sensitivity to the fluid to be characterized is suitably chosen. This last operation allows to filter the signal and reject some nondesirable parasitic resonances. A last inverse fast Fourier transform is done and one could obtain, in the time domain, a filtered signal (which we called the "tempograph") on which it is straightforward to measure the TOF, by measuring the time between two peaks, or multiple peaks for more accuracy in results (Fig. 12) . It should be noted that the registered signal value primarily depends on the chosen "tempograph" zone. The measurements show three zones in which a signal can be detected and treated. In Fig. 12 , high sensitivity to water and ethanol measurement in the second zone from 12.4 to 13.4 MHz for NBTv3 device is shown.
By the experiment with liquid substances, it was demonstrated that as long as the "tempograph" can be registered the measurements are possible. Hence, to justify sensor properties for gas measurement, the simulation data will be represented in the form of a "tempograph."
D. Theoretical Examination of the NBT Device Fabricated for Gas Measurement
To validate the theoretical model and its reliability, we introduced into our stack model (mentioned previously in Section III-A) a cavity of water medium. Thus, the theoretical test bench looks like in Fig. 9 .
By application of the same approach as in [19] for impedance matching, the theoretical resonances in the water around resonance frequency of the NBT device was shown and compared with the experimental observation (Fig. 13) . In order to confirm the theoretical model, an inverse FFT treatment was applied to the modeled data (Fig. 14) .
The feasibility of implementing the developed sensor in harsh environmental conditions for gas measurement is validated theoretically as follows. The sensor is introduced into a cavity (the same length of 1.56 cm) filled by helium. As experimentally it is not yet possible to carry out the measurements at 350°C with gas, impedance of the sensor is measured at this temperature.
The values of fit shown in Table VII are injected into a gas model. As explained in Section III-C, it enables obtaining of electromechanical parameters for two temperatures. To take into account the fact that the properties of a gas change with temperature, the ideal gas law PV = nRT was applied. Gas speed will be different at 25°C and 350°C. The speed of helium at 25°C and 350°C can be determined from the website of National Institute of Standards and Technology [23] . Its values were introduced into the model (1045 and 1482 m/s for 25°C and 350°C, respectively). Fig. 17 shows that even when measurement is carried out at 350°C, determination of gas properties is still possible.
IV. CONCLUSION AND PERSPECTIVES
This paper proves the feasibility of acoustic sensor fabrication using a screen-printing method for high-temperature application. Measurements under temperature from 30°C to 350°C (Fig. 8) demonstrate the importance of the manufacturing process. The variation of dielectric properties of on alumina NBT v3 sample ensures its applicability in the required temperature range of 300°C-400°C. We suggest following the same manufacturing process for subsequent sensors. We also intend to increase sample density through application of isostatic pressure.
The acoustic measurements carried out show high efficiency in the determination of acoustic signal speed propagation in liquids. To show sensor applicability for gas detection under room temperature and high temperature conditions, the theoretical model was implemented. The data indicate the possibility of gas detection at room temperature (the experiment published in [10] confirms it) and under harsh environmental conditions (350°C).
The final sensor concept is still under development. The possible solution can be seen by insertion of device on alumina inside a pressurized enclosure.
The measurement of sample properties over a long period of high temperature and the measurement of gas properties with the prototyped device are the next steps in evaluation of sensor functionality. Furthermore, measurement behavior under radiation influences is envisaged.
